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ABSTRACT 



A pacemaker having two bipolar leads, one atrial, one 
ventricular, each with TIP and RING electrodes, con- 
figured as for conventional bipolar pacing/sensing in 
both chambers. Switching circuitry in the pacemaker is 
operable to select from among various possible sensing 
configurations, including one configuration in which 
sensing is performed between the ring electrodes of the 
respective pacing/sensing leads. Pacing is preferably 
performed in a conventional imipolar configuration in 
each chamber, from the respective tip electrodes. The 
"ring-to-ring" EGM signal is applied to filtering and 
EGM amplifier circuitry, and then provided to a telem- 
etry system for transmission to an external receiver. The 
ring-to-ring EGM signal possesses the high resolution 
properties of conventional intracardiac signals, and is 
relatively unaffected by the after-potentials and tissue 
polarization effects that arise when the same lead is used 
for pacing and sensing. Additionally, the ring-to-ring 
EGM signal is a composite of atrial and ventricular 
electrical signals, and thus has an appearance similar to 
that of surface ECGS. In the disclosed embodiment, 
separate atrial and ventricular EGM amplifiers are pro- 
vided, with the atrial EGM amplifier receiving a con- 
ventional atrial unipolar sensing signal and the ventricu- 
lar EGM amplifier receiving a conventional ventricular 
unipolar sensing signal. The outputs from the respective 
atrial and ventricular EGM amplifiers are algebraically 
multiplied, and the multiplied signal is applied to a 
threshold detector. Capture is verified when the multi- 
plied signal experiences a positive voltage spike that 
exceeds a predetermined threshold in the threshold 
detector. 

5 Claims, 11 Drawing Sheets 
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tion, the telemetry system may be capable of transmit- 
CARDIAC PACEMAKER WITH AUTO-CAPTURE ting a representation of the intracardiac electrogram 
FUNCTION (EGM). The electrical cardiac signal received on the 

pacemaker lead and provided to the pacemaker's sens- 
HELD OF THE INVENTION 3 ing circuitry can also be applied to the telemetry sys- 

This invention relates to the field of cardiac pacemak- ^^m, and transmitted in either analog or digital form to 
ers, and more specifically to a method and apparatus for ^ external receiver, where the intracardiac electro- 
sensing electrical cardiac signals. gram can be recorded and/or viewed on a strip chart or 

EGG monitor. 

BACKGROUND OF THE INVENTION lo m order to verify or optimize operation of an in,- 
Implantable cardiac pacemakers of varying degrees planted pacemaker, a physician must be able to deter- 
of sophistication and operational capability are well mine, among other things, when a stimulating pulse has 
known in the art. Earlier pacemakers were simple by been delivered to a chamber of the heart, and whether 
today's standards, typically bemg capable of pacing the stimulating pulse possessed sufficient energy to 
only in a single chamber of the patient's heart, and only evoke a response from that chamber of the heart (i.e., 
at an asynchronous, fixed, and uninhibited pacing rate. whether "capture" was achieved). Such determinations 
Today, pacemakers are available which are capable of can be difficult to make, particularly with some of the 
synchronous, inhibited pacing in both chambers, at a more advanced dual chamber, rate-responsive pace- 
pacing rate which may be varied according to detected makers in which the pacmg rate may vary from one 
intrinsic cardiac activity or some other physiological 20 cardiac cycle to the next, and in which stimulating 
mdication of the patient's metabolic needs. pulses may or may not be delivered depending upon 

Pacemakers arc most commonly operated in conjunc- sensed intrinsic cardiac activity 
Uon with one or more leads, for conveying cardiac often, a physician wUl use a conventional surface 
stmiulating pulses from the paccniaker to the pauent's electrocardiogram (surface ECO) equipment to moni- 
heart, and for conveymg electncal cardiac signals from 25 ^^^^^ pacemaker functions. Obtaining a sur- 

t^o^J^nf'fi!!^^ T^^f T"""^- ECO usually requires a hospital visit, and can in- 

two different types of pacemaker leads, umpolar and ^^j^^ placement of i dozen or more skii electrodes, 

bipolar, are commonly known and used. ^ , „ . ui • i ! j • 

Unipolar leads have only a single electrode and a ^"s/^an be uncomfortable, mconveiU^^^^ 

single electrical conductor^herei^ T^e ele^^^^^ for the patient In addnm 

disposed at or near the distal end of the lead, which is ^^f^^ff and dmortion when they pass through the 

situated in some particular location in the patient's Patient s ussue to be received by surface el^^^ 

heart, for example at the apex of the heart in the right ^ cx>mpLcate the mterpretation of the signals and 

ventricle, in the atrial chamber, or in the coronary sinus. assessment of cardiac and pacemaker function. In some 

The single electrode and conductor of a unipolar lead 35 "^^^^ ^^e morphological aspects of an electrical cardiac 

are used both for sensing (that is, for conducting electri- ^^^^ """^^ detected to accurately assess cardiac 

ca! cardiac signals from the heart to the pacemaker) and pacemaker function are simply not revealed in the 

for pacing (that is, for delivering stimulating pulses ^^^^^ example, in determining whether a 

from the pacemaker to the heart. pacemaker has achieved capture, the physician must 

Bipolar leads have two electrodes and two electri- 40 ^^^^ electrical cardiac signals for evidence of an 

cally isolated conductors therein. Often, one electrode, evoked cardiac response to a pacing stimulus. The elec- 

called the "tip" electrode, is a conductive contact dis- t"ca^ evidence of an evoked response is a subtle charac- 

poscd at the distal end of the lead, while a second dec- teristic of the cardiac signal. Additionally, the stimulat- 

trode, called the "ring" electrode, is a conductive ring P"lse is often not visible in surface ECG tracings of 

disposed on the lead body some distance back from the 45 bipolar lead configurations. 

distal end of the lead. One of the isolated conductors Intracardiac electrogram (EGM) signals, derived 
conducts signals between the pacemaker and the tip ^om the electrical cardiac signal on the pacemaker 
electrode, while the other conducts signals between the Iead(s) and transoiitted to an external programmer as 
pacemaker and the ring electrode. described above, are also known to be useful in monitor- 
In the case of unipolar pacing and sensing, the electri- 50 a°d verifying pacemaker operation. One perceived 
cally conductive pacemaker canister can serve as an drawback to such intracardiac EGM signals, however, 
indiffeFent electrode, with pacing and sensing signals is that since the same lead is used for pacing and sensing, 
being conducted between the lead electrode and the high stimulating pulse voltage spike, after-poten- 
pacemaker canister. In bipolar pacing and sensing, it is tials, and electrode-tissue polarizations render the intra- 
not necessary to use the pacemaker canister as an elec- 55 cardiac EGM system "blind" to the cardiac signal for a 
trode in the pacing or sensing circuit, since pacing and period of time immediately following the delivery of 
sensing can occur between the tip electrode and the ring each stimulating pulse. Unfortunately, it is during this 
electrode, rather than between the tip electrode and the time period immediately following a stimulating pulse 
pacemaker canister as in a unipolar configuration. that b of most interest in determining whether capture 
As pacemaker functionality has become increasingly 60 has been achieved (i.e., whether there has been an 
sophisticated and complex, it has become ever more evoked response). 

important for the physician to monitor and obtain infor- Typically, in dual chamber pacing, atrial and ventric- 

mation about the pacemaker's operation and the heart's ular EGM signals are detected using the same lead 

responses to the pacing therapy. Accordingly, many configuration Q.e,, unipolar or bipolar) as used for pac- 

pacenaakcrs today are capable of transmitting, for exam- 65 ing in the respective chambers. For example, if atrial 

pie via radio-frequency telemetry, information about bipolar pacing between the tip and ring electrodes on 

the pacemaker's current programmable parameter set- the atrial lead, the atrial tip and ring electrodes will also 

tings and the pacemaker's operational status. In addi- provide the inputs to the atrial sense amplifier. 
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With conventional surface ECG electrodes, the elcc- during a 100-mSec time window following delivery of a 

trogram signal viewed by the physician on the ECG stimulating pulse. If capture is not achieved, one or 

monitor or strip chart recorder represents a composite more "back-up** pulses are delivered until an evoked 

of the atrial and ventricular signals of the heart. In the response is achieved. The stimulating pulse energy level 

inventors* experience, it has generally been found that 5 is then re-adjusted upward. 

physicians are generally more familiar with this type of In U.S. Pat. No. 3,949,758 issued to Jirak on Apr. 13, 
ECG waveform than the separate atrial and ventricular 1976 and entitled "Automatic Threshold Following 
signals provided from intracardiac electrodes. Since a Cardiac Pacer** there appears to be disclosed a pace- 
surface ECO signal represents both the atrial and ven- maker in which the energy of each stimulating pulse is 
tricular signals simultaneously, the physician can easily 10 decreased from that of the previous stimulating pulse, 
perceive the timing relationships between activity in the until loss of capture is detected, whereupon the stimu- 
two chambers, the relative magnitudes of atrial and lating pulse energy is increased, and then the incremen- 
ventricular signals, and possibly evidence of an evoked tal decreases are resumed and the process repeated, 
cardiac response. With the separate atrial and ventricu- U.S. Pat. No. 4,055,189 issued to Auerbach et al. on 
lar signals provided from intracardiac electrodes, on the 13 Oct. 25, 1977 and entitled "Condition Monitoring 
other hand, the physician must somehow view both Pacer**, U.S. Pat. No. 4,088,139 issued to Auerbach on 
signals at once, such as on a dual-trace ECO monitor or May 9, 1978 and entitled "Automatic Detection and 
a dual-trace strip chart recorder, in order to ascertain Registration of Failure Condition in a Cardiac Pacer 
information about the interaction or coordination of Monitoring System**, U.S. Pat No. 4,096,865 issued to 
atrial and ventricular cardiac activity, and about the 20 Auerbach et al. on Jun. 27, 1978 and entitled "Method 
operation of the pacemaker. Also, intracardiac EGM and Apparatus for Monitoring a Timed Failure Condi- 
signals are susceptible to the aforementioned problems don Relationship in a Cardiac Pacer'*, and U.S. Pat. No. 
with after-potentials and polarization, making detection 4,114,892 issued to Auerbach on Mar. 20, 1979 and 
of evoked responses difficult. entitled "Cardiac Pacer and Monitor System** are corn- 
Thus, although intracardiac electrogram signals offer 25 monly-assigned patents which each appear to disclose a 
greater resolution (i.e., less distortion and attenuation of pacemaker having fast-recovery circuitry operable to 
cardiac signals) than surface ECG signals, intracardiac eliminate after-potentials in a sense amplifier dedicated 
pacing leads are not effective for all purposes, since the to monitoring capture inmiediately following delivery 
above-noted problems of after-potentials and electrode- of a pacing pulse. According to the *189, '1 39, '865 and 
tissue polarizations render the pacing lead "blind*' to 30 '892 specifications, the dedicated capture sense ampli- 
electrical cardiac activity immediately following deliv- fier is thereby able to amphfy any evoked response of 
ery of a stimulating pulse from that lead. the heart to the stimulating pulse. Cardiac signals from 
The ability to detect capture in a pacemaker is ex- the pacing/sensing leads are sampled at appropriate 
tremely desirable, since delivering pacing pulses having times following delivery of a stimulating pulse, and the 
energy far in excess of the patient's stimulation thresh* 35 sampled values are compared with predetermined 
old is wasteful of the pacemaker's limited power supply threshold values to determine whether an adequate 
(typically a battery). Accordingly, several different evoked response has occurred. If an insufficient evoked 
techniques for verifying capture and adjusting a pace- response (or no evoked response) is detected more than 
maker's stimulation pulse energy have been shown in a predetermined number of times in a row, the pace- 
the prior art. 40 maker responds by increasing the energy of stimulating 
For example, U.S. Pat. No. 3,757,792 issued to Mulier pulses, and by generating a marker pulse that can be 
et al. on Sep. 11, 1973 and entitled "Automatic Thresh- recorded on a surface ECG. 

old Compensating Demand Pacemaker** discloses a U.S. Pat. No. 4, 1 14,627 issued to Lewyn et al. on Sep. 
pacemaker in which the energy of each stimulating 19, 1978 and entitled "Cardiac Pacer System and 
pulse is decreased by an incremental amount from the 45 Method with Capture Verification Signal** discloses a 
previous stimulating pulse. The pacemaker disclosed in pacemaker having circuitry that is said to remove elec- 
the '792 patent employs three electrodes: a sensing elec- trode polarization energy from the input of the pace- 
trode, a stimulating electrode, and a common electrode. maker's sense amplifier, so that sensing can resume very 
According to the *792 patent, the common electrode shortly (18-mSec, according to the *627 specification) 
must be of sufficient size to avoid after-potential and 50 after a stimulating pulse is delivered. Thus, the pace- 
polarization problems. The pacemaker disclosed in the maker described in the '627 patent is said to be capable 
*792 patent monitors sensed activity during a 100-msec of detecting capture even though only a single lead is 
•'window** following each stimulating pulse; if loss of used for both pacing and sensing functions, 
capture is detected (i.e.,ifno intrinsic cardiac activity is U.S. Pat. No. 4,114,628 issued to Rizk on Sep. 19, 
detected in the 100-mSec post-stimulation time win- 55 1978 and entitled "Demand Pacemaker With Self-Ad- 
dow), the pacemaker next succeeding stimulating pulse justing Threshold and Defibrillating Feature*' appears 
is increased in energy, but only by an amount sufficient to disclose a pacemaker having an electromech^cal 
to raise the stimulating pulse energy safely over the last transducer adapted to detect a ventricular contraction 
stimulating pulse which did achieve capture. following delivery of a stimulating pulse. The pace- 
U.S. Pat No. 3,920,024 issued to Bowers on Nov. 18, 60 maker circuitry increments a counter upon delivery of 
1975 and entitled 'Threshold Tracking System and stimulating pulse. If a ventricular response to the stimu- 
Method for Stimulating a Physiological System'* ap- lating pulse is detected by the electromechanical trans- 
pears to disclose a pacemaker which continuously or ducer during the refractory period after the stimulatmg 
periodically performs a stimulation threshold test to pulse, the counter is decremented. If no response is 
determine the minimum energy of a stimulating pulse 65 detected, the counter is not decremented. The energy 
that will achieve capture. The stimulating pulse energy level of pacing pulses varies according to the count 
level is periodically readjusted to be very near the stim- value of the counter, thus, if one or more stimulating 
ulatlon threshold. Intrinsic cardiac activity is monitored pulses are delivered without a corresponding ventricu- 
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lar response, the energy level of subsequent pacing following each pacing pulse is then compared to the 

pulses will be increased in response to the positive, digitized recovery artifact from the non-capture pacing 

non-zero count value in the counter. pulse. Only recovery artifacts from other pacing pulses 

U.S. Pat. No. 4,228,803 issued to Rickards on Oct 21. that did not evoke a response will match the digitized 

1980 and entitled "Physiologically Adaptive Cardiac 5 recovery artifact; a pacing pulse which does evoke a 

Pacemaker" apparently discloses a pacemaker having a response will differ from the digitized artifact, and this 

first sense amplifier for detecting QRS complexes, and a detection of this difference indicates that capture has 

second sense amplifier for detecting T-waves (i.e., a been achieved. 

ventricular evoked response). According to the *803 y.S. Pat. No. 4,955,376 issued to Callaghan et al. on 

specification, the pacemaker varies its base pacmg rate 10 Sep. 11, 1990 and entitled "Pacemaker With Improved 

in proportion to the time interval between a delivered Automatic Output Regulation", U,S. Pat. No. 4,969,460 

stimulus and an evoked response (T-wave) thereto. If issued to Callahan et al. on Nov. 13, 1990 and entitled 

no evoked response is detected, the stimulating pulse "Pacemaker With Improved Automatic Output Rcgu- 

energy is incrementally increased. The '803 spedfica- htion". U.S. Pat. No. 4,969,461 issued to Callaghan et 

tion further describes a magnet mode in which pacing 13 ^ov. 13, 1990 and entitled "Pacemaker With 

stimuli are delivered at an asynchronous rate with maxi- improved Automatic Output Regulation", U.S. Pat. 

mum energy. When the magnet is removed, the pace- 4.969,462 issued to Callaghan et al. on Nov. 13, 

maker reduces the stimulating pulse energy in a se- J99Q entitled "Pacemaker With Improved Auto- 

quence of steps in successive cycles, until a pacing pulse ^^^^ ^ Regulation". U.S. Pat No. 4.969,464 is- 

is dehvered which does not evoke a response. Then, the 20 ^^^^ Callaghan et al. on Nov. 13. 1990 and entitled 

pacmg energy is increasi^ jtep "Pacemaker With Improved Automatic Output Regu- 

r.^'^iF^'l'J^.''' to Wittkampf et al on ^.S. Pat. No. 4.969,467 issued to Callaghan 

J V!f TV -^^ ' ^"^^T^ Pacemaker ^ ^3 j^g^ ^^^^^ "Pacemaker With 

and Method of Cardiac Pacmg relates to a pacemaker j^ ^^^^ Automatic Output Regulation" (hereinafter 

havrngso-odled polanzation compensation circmtry 25 collectively referred to as the Callaghan et al. patents.) 

^It!^ v^^/d?^^^^^^^^ ^« commonly-assigned patents whilh relate to a pace! 
oombmed, via a differential adder, to the sense amphfier ^ . ' capable of automatic capture verifica- 
mputs. Accordmg to the '396 specification, this com- ^ *r " w ^^pooic ui auiumauv vapiuic vwiuwu 
pensation signal I said to counter the- effects of elec pacing threshold deter^^^^ Accordmg to 
{rode polari^tion, so that QRS complexes and T-waves 30 the C^laghan et a^. patents, a charge dump ; circuit is 
can be accurately sensed following deHvery of a stimu- P^^^^^ for discharging polanzauon potentials on the 
lating pulse. The '396 specification also describes an <^P,^^«°' *^ immediately after deliv- 
initid. positive-going excursion of each stimulating ea<;h pacmg pulse, Pacmg is peformed between 
pulse, foUowed by the conventional negative-going the tip electrode of a bipolar pacmg/sensmg lead and 
stimulating pulse itself. The initial, positive-going por- 35 pacemaker c^isier, serymg as a common or indif- 
tion of the stimulating pulse is said to ftirther compen- Cerent electrode, Sensmg of mtnnsic cardiac acttti vity is 
sate for the effects of electrode polarization. performed in conventional bipolar nianner (i.e.. be- 
U.S. Pat. No. 4,674.508 issued to DeCote on Jun. 23. tween the tip and nng electrodes of the bipolar lead), 
1987 and entitled "Low-Power Consumption Cardiac Sensing of cardiac activity following delivery of a pac- 
Pacer Based oh Automatic Verification of Evoked Con- 40 pulse. on the other hand, is performed between the 
tractions". U.S. Pat. No. 4,674,509 issued to DeCote, Jr. rrng electrode and the pacemaker camster. 
on Jun. 23, 1987 and entitled "System and Method for According to the Callaghan et al. patents, a capture 
Detecting Evoked Cardiac Contractions", U.S. Pat. detection circuit is coupled to the ring electrode and is 
No. 4.708,142 issued to DeCote, Jr. on Nov. 24, 1987 activated during a 60-mSec time window foUowing 
and entitled Automatic Cardiac Capture Threshold 45 delivery of pacing pulse. Capture verification is nor- 
Dctermination System and Method", and U.S. Pat. No. n^ally performed every four cardiac cycles; if capture is 
4.729.376 issued to DeCote. Jr. on Mar. 8, 1988 and not detected upon capture verification, the pacing rate 
entitied "Cardiac Pacemaker and Method Providmg ^ temporarily increased by 5-PPM, in order to deter- 
Means for Periodically Determining Capture Threshold niine whether the apparent loss of capture is actually 
and Adjusting Pulse Output Level Accordingly" are 50 the result of a fusion beat (i.e., a simultaneous instrinsic 
commonly-assigned patents which relate to a capture and paced event). If the possibility of a fusion beat is 
determination scheme. According to tiiese patents, a nUed out. the stimulating pulse energy in increased 
capture detect circuit is provided which is said to oper- incrementally until capture is obtained (and the energy 
ate based on an assumption that if pacing pulses are is fUrther increased to provide a safety margin between 
applied to the heart in closely-spaced pairs, only one of 55 the stimulation threshold and the pulse energy, 
the two pulses can possibly evoke a cardiac response. Notwithstanding the variety of prior art arrange- 
Furtherinore. according to these patents, if the first ments for enabling a pacemaker to verify capture, it is 
pulse of the pair is delivered at an energy level known believed by the inventors that there has yet to be shown 
to exceed the patient's capture tiireshold, then this first in Uie prior art a method for verifying capture that is 
pulse will evoke a response, and the second one of the 60 well-suited to dual-chamber pacemakers, 
pair will not The capture verification circuit described For example, many of the above-noted prior art refer- 
in these patents digitizes the **recovery artifact" (i.e., ences relating to capture verification (e.g., Mulier et al. 
the electrode polarization occurring after a pacing '792, Bowers •024, Jirak •758, Auerbach et al. '189, and 
pulse) following the second pacing pulse of the pair. *865, Auerbach * 139 and '892, Lewyn et al. '627, Rizk 
According to these specifications, the digitized recov- 65 '628. Rickards '803, Wittkampf et al. *396, DeCote '508, 
ery artifact will be the same for any pacing pulse which '509. *142, and '376, and Callaghan et al, '376, '460, '461, 
does not evoke a response. Thereafter, only single pac- '462, '464, and '467) appear to address only single-cham- 
ing pulses need to be delivered; the recovery artifact ber (specifically, ventricular) pacing and sensing. 
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It appears to the inventors that in the prior art, the ventricular sense amplifier inputs in place of the respec* 

problems with electrode polarization and after-poten- tive atrial and ventricular ring electrodes to produce a 

tials has been dealt with primarily in two ways: either similar composite sensing signal. 

SXtn^SsiolS^^ 5 BRIEF DESCRIPTION OF THE DRAWINGS 

additional electrode or lead is required that is dedicated The foregoing and other aspects of the present inven- 

to the capture sensing function. The additional circuitry tion will be best understood with reference to the fol- 

is considered undesirable, since it itself consumes some lowing detailed description of a specific embodiment of 

power, and increases the size and complexity of the the invention, when read in conjunction with the ac- 

pacemaker's circuitry. A lead dedicated to the capture 10 companying drawings, wherein: 

sensing function is also considered undesirablei particu- FIO. la is an illustration of a pacemaker and pace- 

larly with dual-chamber pacemakers which already maker leads in accordance with one embodiment of the 

require two leads. Lastly, none of the above methods is present invention, implanted in a patient; 

totally without problems as no successful commercial FIG. 1^ is an illustration of an implanted pacemaker 

product has been developed based upon the above pa- 15 and external programmer in accordance with a second 

tents. embodiment of the present invention; 

»v« r^^y^^^, FIG- 2 is an enlarged view of a pacemaker lead from 

SUMMARY OF THE INVENTION pjQ i- 

In view of the foregoing considerations relevant to FIG. 3 is a schematic diagram of a portion of the 

pacemaker pacing and sensing and the desirability of 20 circuitry in the pacemaker of FIG. 1; 
monitoring cardiac electrical activity, pacemaker oper- FIG. 4 is a set of electrical cardiac signal waveforms 

ation, and capture verification, it is believed by the conducted on the pacemaker lead from FIGS. 1 and 2; 
inventors that there has yet to be shown in the art a FIG. 5 is anodier set of electrical cardiac signal 

pacing and sensing arrangement that fully addresses the waveforms conducted on the pacemaker lead from 

various perceived shortcomings of known techniques. 25 FIGS. 1 and 2; 

It is accordingly a feature of the present invention FIG. 6 is another set of electrical cardiac signal 

that a pacemaker is provided with the ability to reliably waveforms conducted on the pacemaker lead from 

verify capture, FIGS. 1 and 2; 

It is another feature of the present invention that no FIG. 7 is a schematic diagram of a specific embodi- 

electrode or lead dedicated exclusively to the capture 30 mcnt of switching circuitry from FIG. 3; 
sensing function is required. FIG. Ba is a schematic diagram of a capture veritica- 

It is still another feature of the present invention that tion circuit in the pacemaker of FIG. 1; 
no additional circuitry is required to counteract the FIG. Bb is a schematic diagram of a capture verifica- 

effects of post-stimulation after-potentials and electrode tion circuit in the pacemaker and programmer system of 

polarization. 35 FIG. lb: and 

In accordance with the present invention a pace- FIGS. 9a» 9bs and 9c are graphs of electrical cardiac 

maker having two bipolar leads (i.e.. one atrial, one signals illustrating capture verification in accordance 

ventricular, each with TIP and RING electrodes) is with the present invention. 

S«ilchtag dtcStry ii th: pKeimker Is opereblt to EMBODIMENT OF THE INVEITOON 

select from among various possible sensing and/or pac- In FIG. la, a pacemaker 10 in accordance with one 
ing configurations, including one configuration in einbodiment of the present invention is shown im- 
which sensing is performed between the ring electrodes planted in a patient 12. Transvenous atrial and ventricu- 
of the respective pacing/sensing leads. Pacing is prefer- 45 lar leads 14 and 16, respectively, conduct signals be- 
ably performed in a conventional unipolar conflgura- tween the heart 18 and pacemaker 10, in a conventional 
tion in each chamber, from the respective tip electrodes. manner. 

The "ring-to-ring*' EGM signal is applied to filtering In FIG. 1^, an external programmer 322 is shown, 

and EGM amplifier circuitry, and then provided to a with a handheld programming "wand" 324 positioned 

telemetry system for transmission to an external re- 50 over patient 12 in a conventional manner. In tliis config- 

ceiver. The ring-to-ring EGM signal possesses the high uration, an RF communications link between implanted 

resolution properties of conventional intracardiac sig- pacemaker 10 (not visible in FIG. 16) and programmer 

nals, and is relatively unaffected by the after-potentials . 322 can be established. 

and tissue polarization effects that arise when the same FIG. 2 is a somewhat enlarged view of bipolar ven- 

lead is used for pacing and sensing. Additionally, the 55 tricular lead 16 from FIO. 1. On its proximal end, lead 

ring-to-ring EGM signal is a composite of atrial and 16 has a connector pin 20 adapted to be received in a 

ventricular electrical signals, and thus has an appear- connector block on pacemaker 10, in a manner well 

ance similar to that of surface EGGS. known in the prior art. A **dp" electrode 22 is disposed 

Further in accordance with the present invention, the on the extreme distal end of lead 16, and at least one 

switching circuitry is also operable to connect the atrial 60 "ring" electrode 24 is disposed some distance back from 

tip and ring electrodes to the two inputs of an atrial the distal end along the body of lead 16. Bipolar atrial 

differentia] sense amplifier, and to connect the ventricu- lead 14 is substantially the same as lead 16, except that 

lar tip and ring electrodes to the two inputs of a ventric- atrial lead 14 is commonly provided with a "J" shape at 

ular differential sense amplifier. The respective outputs its distal end to facilitate the disposition of the lead 14 

from the atrial and ventricular amplifiers are then multi- 65 within the atrium of the heart. A great many bipolar 

plied to produce a composite sensing signal from which implantable pacing/sensing electrodes have been shown 

capture can be readily verified. The switching circuitry in the prior art that are suitable for the purposes of the 

can couple the pacemaker canister to the atrial and present invention, and it is believed by the inventors 
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that selection and use of a particular type of bipolar lead 
is not critical to the present invention. One lead suitable 
for the purposes of the present invention is the Model 
4012 lead manufactured by and commercially available 
from Medtronic, Inc., Minneapolis, Minn. 

For the purposes of the present description of a par- 
ticular embodiment of the invention, the cardiac signals 
received by leads 14 and 16 shall be referred to as fol- 
lows: the signal received at the tip electrode of ventric- 



10 



combined EGM ampliiier 64. EGM amplifiers are well- 
known in the pacemaker field, and it is believed by the 
inventors that the present invention may be practice in 
conjunction with many different types of EGM amplifi- 
ers, such as that disclosed in the above-reference 
Thompson '063 patent. The output of combined EGM 
amplifier 64 is available to be applied to the pacemaker's 
telemetry system for transmission to an external re- 
ceiver. As previously noted, the telemetry system may 



ular lead 16 will be designated VTIP, and the signal at 10 be of the type described in the above-referenced 



the ring electrode of ventricular lead 16 will be desig- 
nated VRING; similarly, ATIP and ARING will be 
used to designate the sig^s received at the tip and ring 
electrodes, respectively, of atrial lead 14. To the extent 
that the pacemaker canister is included m the pacing/s- 
ensing arrangement as a common or indifferent elec- 
trode, the electrical signal associated with the pace- 
maker canister will be designated CASE. 
Turning now to FIG. 3, EGM circuitry from the 



Thompson et al. patent. 

Switches 50 and 51 in FIG. 3 are provided to allow 
selection of either atrial unipolar or atrial bipolar sens- 
ing in pacemaker 10. Similarly, switches 52 and 53 are 
15 provided to allow selection of either ventricular unipo- 
lar or ventricular bipolar sensing in pacemaker 10. As 
previously noted, controlling the status of switches 50 
through 53 is preferably accomplished under control of 
the hardware or software associated with the pacing 
pacemaker 10 of FIG. la is shown in schematic form. It 20 control circuitry of pacemaker 10; thus, for example, a 
is to be understood that the present invention may be conmiand issued froni an external programmer indicat- 
practiced in the context of many different pacemakers ing that atrial bipolar sensing is to be performed would 
presently known and commercially available, such as cause the pacemaker's control circuitry to activate cer- 
the Medtronic Elite tm . Pacemaker 10 should include a tain of the transistor(s) comprising switches 50 and 51, 
telemetry system capable of transmitting an analog 25 so that switch SO is closed and switch 51 is open. 
EGM signal to an external receiver; such a telemetry 
system is disclosed, for example, in U.S. Pat. No. 
4,556,063 issued to Thompson et al. on Dec. 3, 1985 and 
entitled "Telemetry System for a Medical Device", 
which patent is hereby incorporated by reference in its 30 
entirety. 

As shown in FIG. 3, the circuitry therein is coupled 
to the ATIP, ARING, VTIP, VRING. and CASE 
signals previously described with reference to FIGS, la 



Switches 50 and 51 and switches 52 and 53 may be 
independently controlled, so that, for example, atrial 
unipolar and ventricular bipolar sensing may be se- 
lected. 

With the arrangement of switches 50 through 61 
shown in FIG. 3, there are a number of possible combi- 
nations of sensing signals which can be made. These 
combinations are summarized in the following Table 1: 
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and 2; the circuit is also coupled to ground at several 50 
points, as shown in the Figure. The circuitry of FIG. 3 
includes a plurality of switches 50 through 61. It is to be 
understood, of course, that switches 50 through 61 may 
be implemented in a number of ways, although in the 
presently preferred embodiment, these switches are 35 
implemented as simple transistors in an integrated cir- 
cuit, as will be hereinafter shown in greater detail with 
reference to FIG. 7. In addition, it is contemplated that 
switches 50 through 61 will not be physically actuated, 
but instead will be actuated under control of software or 60 
hardware in the control circuitry of pacemaker 10. For 
the purposes of the following description, each one of 
the switches 50 through 61 will be described as being 
"open" when it is in the position shown in FIG. 3, while 
a switch which establishes a connection between its 65 
terminals will be described as "closed". 

The circuit of FIG. 3 further includes an atrial EGM 
amplifier 62, a ventricular EGM amplifier. 63, and a 



As will be hereinafter described, it is the configura- 
tion of switches 50 through 61 which results in an AR- 
ING-VRING signal, or an ATDP-VTIP signal, being 
produced at the COMBINED EGM output of the cir- 
cuitry of FIG. 3 that is of particular relevance to the 
presently disclosed embodiment of the invention. 

Turning now to FIG. 4, a graph of various cardiac 
waveforms is shown. In FIG. 4 and later Figures, it is to 
be onderstood that the several waveform traces, in each 
Figure are time-synchronized, such that a given hori- 
zontal position in the Figures corresponds to the same 
time in each of the waveforms depicted. 

In FIG. 4, a first waveform 100 corresponds to the 
surface ECG signal taken from a patient using conven- 
tional surface electrodes. Waveform 100 is what most 
physicians are accustomed to seeing and analyzing. A 
QRS complex designated generally as 110 in FIG. 4 is 
the most pronounced feature of the surface ECXS signal. 
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and the P>wave and T-wave phases of the cardiac signal 
are barely discemable, if at all. 

Waveform 104 in FIG, 4 corresponds to the ATIP- 
ARING sensing configuration commonly available 
with prior art pacemaker^ this signal corresponds to the S 
voltage between the atrial tip and ring electrodes. The 
more prominent feature of waveform 104 is the atrial 
(P*wave) phase of the cardiac cycle, designated gener- 
ally as 112 in FIG. 4. A so-called "far-field R-wave" 
(FFR) 114 is also visible in waveform 104, this corre- 10 
spending to the detection of ventricular activity in the 
atrial channel. Far-field R-waves are visible in the atrial 
channel because ventricular signals typically are of a 
much greater magnitude than atrial signals, and conduc- 
tion of these relatively large signals through the heart 15 
tissue and blood from the ventricle to the atrium allows 
the QRS complex to be detected by an atrial lead. Atrial 
signals, being of relatively smaller magnitude, are typi- 
cally not detected by a ventricular lead; thus, there is 
typically no "far-field P-wave" visible in the ventricular 20 
channel. 

Waveform 106 in FIG. 4 corresponds to the voltage 
between the ventricular tip and ring electrodes (VTIP 
to VRING sensing). The ventricular signal (QRS-com- 
plex) is designated 116 in waveform 106, and as previ- 25 
ously noted, little if any atrial activity is received by the 
ventricular lead. 

Waveform 102 in FIG. 4 corresponds to the VRING 
to ARING sensing configuration in accordance with 
the presently disclosed embodiment of the invention. 30 
Note in waveform 102 that both a well-defined ventric- 
ular QRS-compIex 118 and a well-defmed atrial P-wave 
120 are visible, thus enabling a physician to derive more 
information from waveform 102 than from either wave- 
form 100, waveform 104, or waveform 106. 35 

In FIG. 5, another set of cardiac waveforms is shown. 
Waveform 150 corresponds to a surface ECG signal 
from the patient. Waveform 154 is an ATIP-ARING 
(atrial bipolar sensing) signal, waveform 156 is a VTIP- 
VRING (ventricular bipolar sensing) signal, and wave- 40 
form 152 is an ARING- VRING signal. In the sequence 
of cardiac cycles depicted in the waveforms of FIG. 5, 
pacemaker 10 is delivering atrial and ventricular pacing 
pulses at an asynchronous, uninhibited rate with a pro- 
granmied A-V delay of 150-mSec. In each of the wave- 45 
forms 150, 152, 154, and 156, the atrial pacing pulses are 
designated as 160, 162, and 164. Ventricular pacing 
pulses are designated as 168, 170 and 172. In the ATIP- 
ARING waveform 154, provided from the atrial TIP 
and RING electrodes, atrial pacing pulses 160, 162, and SO 
164 appear to have a greater magnitude than ventricular 
pacing pulses 168, 170, and 172, since the atrial lead is in 
much closer proximity to the atrium than the ventricu- 
lar lead is. Little or no information about ventricular 
activity is discernible from waveform 154. In VTIP- 55 
VRING waveform 156, atrial pacing pulses 160, 162, 
and 164 appear to have a much lower magnitude than 
ventricular pacing pulses 168, 170, and 172, the ventric- 
ular lead being in closer proximity to the ventricle than 
the atrial lead. Little or no information about atrial 60 
activity is discernible from waveform 156. 

In the surface electrode waveform 150 in FIG. 5, 
both atrial and ventricular pacing pulses are visible. 
However, as would be apparent to one of ordinary skill 
in the art of cardiac signals, little can be determined 65 
about evoked cardiac responses to stimulating pulses in 
surface electrode waveform 150. On the other hand, 
from ARING-VRING waveform 152, an evoked atrial 



response 174 to atrial stimulating pulse 160 is discern- 
ible, whereas it is not in either of waveforms 150, 154, or 
156. Moreover, the lack of an evoked atrial response at 
176 to atrial stimulating pulse 162 can also be seen in 
waveform 154, whereas the presence or absence of an 
evoked response to stimulating pulse 162 cannot be 
determined in the other waveforms. 

Turning now to FIG. 6, still another set of EGM 
waveforms is shown, where waveform 180 is a surface 
ECG signal, waveform 184 is an ATIP-CASE (unipolar 
atrial sensing) signal, waveform 186 is a VTIP-CASE 
(unipolar ventricular sensbg) signal, and waveform 182 
is an ARING-VRING signal In FIG. 6, atrial pacing 
pulses 188 and 190 are shown, and ventricular pacing 
pulse 192 is shown. In the unipolar sensing waveforms 
184 (atrial unipolar) and. 186 (ventricular unipolar), 
evoked responses to stimulating pulses 188, 190, and 192 
cannot be discerned. However, in ARING-VRING 
waveform 182, an evoked atrial response 194 to atrial 
stimulating pulse 188 is visible, an evoked atrial re- 
sponse 196 to atrial stimulating pulse 190 is visible, and 
an evoked ventricular response 198 to ventricular stim- 
ulating pulse 192 is visible. 

Referring to FIG. 7, a schematic diagram of a specific 
implementation of a portion of the circuitry of FIG. 3 is 
shown. The circuitry of FIG, 7 is preferably imple- 
mented as part of an integrated circuit, but may also be 
implemented using discrete components. 

In FIG. 7, transistors 200, 202, 204, and 206 are gated 
by a signal I6LANK to disconnect the EGM circuitry 
including EGM amplifiers 62 and 63 from the TIP and 
RING electrodes during delivery of pacing pulses and 
during the fast recharge cycle of the pacing output 
capacitors. This prevents amplifiers 62 and 63 from 
saturating. 

Transisto rs 208, 21 0, 212, and 214 in FIG. 7 are gated 
by a signal CLEAR which is asserted (negative) along 
with IBLANK to hold the inputs to amplifier 62 and 63 
at ground when TIP and RING are disconnected there- 
from. Transistors 208, 210, 212, and 214 remain conduc- 
tive slightl y longer than transistors 200, 202, 204, and 
206 Oe., CLEAR is asserted slightly longer than 
IBLAN-K during pace and fast recharge) to allow 
39-nF capacitors 216, 218, 220, and 222 to be cleared of 
any voltage which may have accumulated during pace 
and recharge. 

Transistors 224 and 226 are gated by signals AUNIR- 
ING and AUNIRING^ fr being understood that AUNIR 
ING is simply the logical negation of AUNIRING), 
respectively. Also, tra nsistors 228 and 230 are gated by 
signals AUNITIP and AUNITIP. Similarly, in the ven- 
tricular channel, transist ors 232 and 234 are gated by 
signals VUNIRING and VUNIRING, while tra nsistors 
236 and 238 are gated by signals VUNITIP and VUNI 
Tip. Transistors 224, 226, 228, 230, 232, 234, 236, and 
238 perform the switching function previously de- 
scribed with reference to FIG. 3, allowing amplifiers 62 
and 63 to receive tip-to-ring, tip-to-ground, or ring-to- 
ground signals for their respective latrial or ventricular 
channels. When sensing either tip-to-ground or ring-to- 
ground, CASE is shorted to ground, forcing tip-to- 
ground, ring-to-ground to be equivalent to tip-to-case, 
ring-to-case. The output from transconductance ampli- 
fier 62, which has a gain factor of Gm, can thus be 
summarized as shown in the following Table 2 for the 
different possible combinations of AUNIRING and 
AUNITIP: 
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amplifier 63» the output for the different possible combi- 
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the following Table 3: 
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TABLE 2 . amplifiers 62 and 63. By inverting the sign of the output 

from amplifiers 62 or 63, a signal representing the differ- 
ence, rather than the sum, of the atrial and ventricular 
sensing signals may be obtained on the COMBINED 
EGM output line. 

Turning now to FIG. 8a. there is shown a capture 
detection circuit in accordance with the presently dis- 
closed embodiment of the invention. In the capture 
detection circuit of FIO. 8a a multiplier 310 having X 
and Y inputs is substituted in place of the current sum- 
ming circuitry shown in FIG. 7. Resistor 276 and capac- 
itor 280 are used to turn the currents from amplifiers 62 
and 63 back into voltage signals. Multiplier 310 is pref- 
erably a four-quadrant analpg multiplier whose output 
is proportional to the algebraic product of its X and Y 
inputs. One such multiplier which is suitable for the 
purposes of the present invention is the ICL8013 manu- 
factured and cominercially available from Intersil, Inc., 
iAi#ri •* ^An HA-i '^AA J ^A€^ 1 Cupertino, Calif. Another suitable multiplier is the 

1()-Ma reaston 20 ca3091 manufactured and commercially available 

capacitors 216, 218, 220, and 222, form a high-pass fUter ^^A Corporation. 

r^i^n'r^^ 'J^^^^^^ '^^ °^^P^^ "^^^^^plier 310 is a composite of an 

resistors 248, 250. 252, and 254 and 14-pr capacitors i^wu^, attd^act:^. A-rm 

256, 258, 260, and 262 form a low-pass filter to reject i'Sl?^^ ^ f • ^ ^J^^f'^ff^,?' 

high frequencies such as the 175-kHz uplink/downUnk 25 ^.^G) anda vent^^^^^^ sensing signal (either VTIP- 

frequenVy. The low-pass comer frequency is at approxi- ^^^^.^^ VTO-VRING). In accordance witfi an mi- 

mately l.B-kHz in thepreferred ^bodiment portant aspect of the present mvention it has been 

Differential transconductance amphfiers 62 and 63 ^??^? inventors that capture can be readily and 

convert the EGM differential voltages applied thereto f ^^^^^^ composite signal. In particu- 

into currents. Tlie currents can then by easily summed 30 ^^^e m^^"*^ ^^""^ t ^^''''^ 

for a combined atrial and ventricular EGM signal. As ^P^« magmtude occurs m the composite signal 

shown in FIG. 7. the output from atrial EGM amplifier capture is achieved. Thus, verification of capture 

62 may be selectively applied to the COMBINED involves the sunple determination of when the compos- 

EGM output line by asserting an enabling signal AEG- signal experiences such a spike. As shown in HG. 

MEN that is applied to the g ates of n-ty pe transistors 35 can be accomplished by applying the output 

264 and 266 (with the negated AEGMEN being applied f^om multiplier 310 to a threshold detector 312, which 

to the gate of p-type transistor 268). Likewise, the out- produces a SENSE OUT output signal whenever the 

put from ventricular EGM amplifier 63 may be selec- "^P^* thereto exceeds a predetermined threshold volt- 

tively applied to the COMBINED EGM output line by ^S^- believed by the inventors tiiat the implementa- 

asserting an enabling signal VEGMEN that is applied 40 threshold detector 312 would be a matter of 

to the g ates of n-typ e transistors 270 and 272 (with the routine to a person of ordinary skill in the art, and a 

negated VEGMEN being applied to the gate of p-type particular implementation of detector 312 will not be 

transistor 274). The outputs of amplifiers 62 and 63 may described herein in deUil. 

thus be summed by asserting both AEGMEN and FIGS. 9a and 9* are graphs of ARING and VRING 

VEGMEN. Of course, single channel (i.e., either atrial 45 signals, respectively, in the presently disclosed embodi- 

or ventricular) EGM signals can be provided on the "lent of the invention. FIG. 9c is a graph of the alge- 

COMBINED EGM output line by asserting only t>raic product of ARING and VRING. i.e., ARING 

AEGMEN or VEGMEN. times VRING. It is to be understood that FIGS. 9fl; 9d, 

7.5-Mn resistor 276 and 20-pF capacitor 280 are used 9c have identical and aligned time scales, 
to turn the COMBINED EGM current signal back into 50 In the ARING waveform of FIG. 9a. a first excur- 
a voltage, which can then be digitized and uplinked via sion of the ARING signal designated generally as 350 
the telemetry system. Resistor 276 and capacitor 260 are corresponds to an atrial contraction (P-wave). while a 
preferably selected to obtain the desired voltage range second excursion designated as 352 corresponds to de- 
fer the digitizing circuitry (not shown in the Figures), taction of a ventricular contraction in the atirium, com- 
and to provide a low-pass filtering function with a cor- 55 monly called a far-field Rewave (FFR). 
ner frequency of 1-kHz. This low-pass filtering provides In the VRING waveform of FIG. 96. a first sharp 
anti-aliasing protection for the digitizer. spike designated as 354 corresponds to a ventricular 

In order that differenced AEGM and VEGM signals pacing pulse, while a second positive excursion desig- 

can be obtained in addition to siimmed AEGM and nated as 356 is the evoked ventricular response to the 

VEGM signals, switching circuits 282 and 284 have 60 pacing pulse 354. 

been provided. An APOS signal is applied to the gates As can be seen in the composite signal of FIG. 9t; a 

of p-type transistors 286, 288, 290, and 292. A VPOS large positive excursion 358 results from the multiplica- 

signal is applied to the gates of p-type transistors 294, tion of the ARING and VRING signals. In accordance 

296, 298, and 300. As would be appreciated by those of with an important aspect of the present invention, a 

ordinary skill in the circuit art, depending upon 65 positive excursion such as 358 can be used as a reliable 

whether APOS or VPOS is asserted the TIP and RING indicator of capture. 

signals in each channel can be reversed before they are In FIG. 96, a sharp spike designated as 360 corre- 

applied to the inverting and non-inverting inputs of spends to a ventricular pacing pulse, while the polariza- 
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tion potential is designated 362. Capture is not achieved, 
thus no evoked response occurs at 362. The lack of 
capture is indicated by the small (essentially negligible) 
positive excursion 364 in the ARING-times-VRING 
waveform of FIG. 9c. Thus, as previously noted, verifi- 5 
cation of capture is accomplished by providing a simple 
circuit (threshold detector 312 from FIG. 8j) which is 
capable of distinguishing between relatively larger ex- 
cursions like 358 in FIG. 9c, and relatively smaller ex- 
cursions like 364 in FIG. 9c: 10 

Although in the presently disclosed embodiment of 
the invention, it has been assumed that the circuitry of 
FIG. 8a is included inside pacemaker 10, it is contem- 
plated by the inventors that in an alternative embodi- 
ment depicted in FIG. Bb, a portion of the circuitry of 15 
FIG. 8j could instead be included in an external pro- 
grammer 322, as shown in FIGS. Vj and Bb. One such 
programmer suitable for the purposes of the present 
invention is the Medtronic Model 9760, which is capa- 
ble of receiving, via telemetry, the intracardiac EC5M 20 
signals. The telemetered signals could be applied to the 
capture detect circuitry in the programmer, and the 
programmer could additionally be operable to automat- 
ically adjust the pacing pulse energy based on determi- 
nation of the patient's stimulation threshold. Program- 25 
mer 322 could perform a threshold determination test 
which involves incrementally decreasing the energy of 
successive pacing pulses until an energy level is reached 
where captiu'e is not detected. Such a threshold test is 
described in U.S. Pat. No. 4,250,884 issued to Hartlaub 30 
el al. on Feb. 17, 1981 entitled "Apparatus for and 
Method of Programming the Minimum Energy Thresh- 
old for Pacing Pulses to be Applied to a Patient's 
Heart", which patent is hereby incorporated by refer- 
ence in its entirety. The method for stimulation thresh- 35 
old determination disclosed by Hartlaub et al. in the 
'884 patent could be characterized as semi-automatic, 
since the physician is required to monitor the patient*s 
cardiac activity, such as on an ECG monitor or the like, 
during the threshold test, and determine visually when 40 
capture has been lost. In accordance with the present 
invention, however, an automatic threshold determina- 
tion is possible, since the determination when capture 
has been lost can be performed automatically, as previ- 
ously described, either by the pacemaker itself or by the 45 
external programmer. 

From the foregoing detailed description of a particu- 
lar embodiment of the present invention, it should be 
apparent that a method and apparatus for automatically 
verifying capture and pacing stimulation thresholds in a SO 
pacemaker patient has been disclosed. Although a par- 
ticular embodiment of the present invention has been 
described herein in detail, it is to be understood that 
such description has been provided for the purposes of 
illustration only, and is not intended to limit the scope of 55 
the present invention as defined in the appended claims. 
It is believed by the inventors that various substitutions, 
alterations, and modifications may be made to the em- 
bodiment described herein without departing from the 
spirit and scope of the present invention as set forth in 60 
the claims. 

What is claimed is: 

1. An implantable cardiac pacemaker system com- 
prising: 

a pulse generator, adapted to produce cardiac stimu- 65 
lating pulses; 

an atrial bipolar p>acing/sensing lead having atrial tip 
and ring electrodes, a first atrial conductor therein 



coupled to said atrial tip electrode and a second 
atrial conductor therein coupled to said atrial ring 
electrode, said atrial tip and ring electrodes being 
disposed in a patient's atrium; 

a ventricular bipolar pacing/sensing lead having ven- 
tricular tip and ring electrodes, a first ventricular 
conductor therein coupled to said ventricular tip 
electrode and a second ventricular conductor 
therein coupled to said ventricular ring electrode, 
said ventricular tip and ring electrodes being dis- 
posed in said patient's ventricle; 

an indifferent electrode, disposed apart from said 
atrial and ventricular tip and ring electrodes; 

an atrial EGM amplifier having first and second in- 
puts and an output, said first atrial EGM amplifier 
input coupled to said first atrial conductor and said 
second atrial EGM amplifier input coupled to said 
indifferent electrode, said atrial EOM amplifier 
adapted to generate an atrial EGM output signal 
corresponding to a difference between respective 
voltages on said first and second atrial EGM ampli- 
fier inputs; 

a ventricular EGM amplifier having first and second 
inputs and an output, said first ventricular EGM 
amplifier input coupled to said first ventricular 
conductor and said second ventricular EGM am- 
plifier input coupled to said indifferent electrode, 
said ventricular EGM amplifier adapted to gener- 
ate a ventricular EGM output signal corresponding 
to a difference between respective voltages on said 
first and second ventricular EGM amplifier inputs; 

an analog voltage multiplier having first and second 
inputs and an output, said multiplier coupled to said 
atrial EGM output and said ventricular EGM out- 
put and adapted to produce a multiplier output 
signal corresponding to an algebraic multiplication 
of said atrial EGM amplifier output signal and 
ventricular EGM amplifier output signal; 

a threshold detector circuit, coupled to said multi- 
plier and adapted to produce an output pulse when 
said multiplier output signal exceeds a predeter- 
mined threshold. 

2. A pacemaker system in accordance with claim 1, 
wherein said indifferent electrode comprises a conduc- 
tive pacemaker canister. 

3. A pacemaker system, comprising: 

a pulse generator, adapted to produce cardiac stimu- 
lating pulses; 

an atrial bipolar pacing/sensing lead having atrial tip 
and ring electrodes, a first atrial conductor therein 
coupled to said atrial tip electrode and a second 
atrial conductor therein coupled to said atrial ring 
electrode, said atrial tip and ring electrodes being 
disposed in a patient's atrium; 

a ventricular bipolar pacing/sensing lead having ven- 
tricular tip and ring electrodes, a first ventricular 
conductor therein coupled to said ventricular tip 
electrode and a second ventricular conductor 
therein coupled to said ventricular ring el^trode, 
said ventricular tip and ring electrodes being dis- 
posed in said patient's ventricle; 

an indifferent electrode, disposed apart from said 
atrial and ventricular tip and ring electrodes; 

an atrial EGM amplifier having fu^t and second in- 
puts and an output, said first atrial EGM amplifier 
input coupled to said first atrial conductor and said 
second atrial EGM amplifier input coupled to said 
indifferent electrode, said atrial EGM amplifier 
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adapted to generate an atrial EGM output signal 
corresponding to a difference between respective 
voltages on said first and second atrial EGM ampli- 
fier inputs; 

a ventricular EGM amplifier having first and second ^ 
inputs and an output, said first ventricular EOM 
amplifier input coupled to said first ventricular 
conductor and said second ventricular EGM am* 
plifier input coupled to said indifferent electrode, 
said ventricular EGM amplifier adapted to gener- 
ate a ventricular EGM output signal corresponding 
to a difference between respective voltages on said 
first and second ventricular EGM amplifier inputs; 

an analog telemetry system, coupled to said atrial 
EOM amplifier and said ventricular EGM ampli- 
fier and adapted to transmit said atrial EGM signal 
and said ventricular EGM signal to an external 
receiving device; 

a voltage multiplier, coupled to said external receiv- 20 
ing device and adapted to multiply said transmitted 
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atrial and ventricular EGM signals to produce a 
multiplied signal; 
a threshold detector, coupled to said voltage multi- 
plier and adapted to produce an output pulse when 
said multiplied signal exceeds a predetermined 
threshold. 

4. A pacemaker system in accordance with claim 3, 
wherein said indifferent electrode comprises a conduc- 
tive pacemaker canister. 

5. A method for verifying that a cardiac stimulating 
pulse has achieved capture, comprising the steps of: 

(a) sensing an atrial si£^ between a transvenous 
atrial lead and an indifferent electrode; 

(b) sensing a ventricular signal between a transvenous 
ventricular lead and an indifferent electrode; 

(c) multiplying said sensed ventricular and atrial sig- 
nals to produce a multiplied signal; 

(d) producing a signal indicative of capture when said 
multiplied signal exceeds a predetermined thresh- 
old. 
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